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GENERAL INTRODUCTION 
The increased study of metal-hydrogen systems in recent years has 
been motivated, in part, by the varied and interesting effects of dis­
solved hydrogen. These areas cover both applied and basic research. 
The applied research includes the deleterious embrittlement of many 
metals by very small amounts of hydrogen in solution and the use of 
metal-hydrogen systems as an alternative for fossil fuels. The basic 
research involves the extremely high mobility of hydrogen in metals and 
the thermodynamics and atomistics of the dissolution of hydrogen in metal 
systems. The volume of literature published concerning the applied 
research areas is too extensive to compile. There is an excellent 
recent review (1) covering hydrogen embrittlement of many metals and 
alloys. Reviews concerning hydrogen storage materials can be found in 
Hoffman et al. (2) and Garg and McClaine (3). For a better understanding 
of the above topics, fundamental knowledge of the energetics of the 
metal-hydrogen interaction needs to be developed. This can be accom­
plished, in part, by classical thermodynamic measurements. 
Application of the basic principles of thermodynamics helps in 
interpreting the experimental results that have been obtained. Ivhen 
hydrogen dissolves in the solid-solution regime of the metal or alloy, 
the reaction is 
I ^2(g) ^ 
and the corresponding equilibrium constant of 
2 
K . ^  . (2) 
«2 
The standard state free energy change, AG°, is related to the equilibrium 
constant by 
AG" = - RT In K . (3) 
Diatomic hydrogen gas can be considered an ideal gas since low pressures 
and moderate temperatures are employed. The differential partial molar 
Gibbs free energy, expressed in cal/mol, is given by 
dC = - SdT + VdP . (4) 
If one considers the reaction of Eq. (1), an isothermal reversible 
addition of hydrogen at one atmosphere to a condensed phase, Eq. (4) 
becomes 
^T 
where is the atomic fraction of hydrogen dissolved in the alloy and 
V and V are the partial molar volumes of hydrogen gas and of hydrogen 
H2 ri 
dissolved in the condensed phase, respectively. Typically, the value of 
_ 2 in metals is a few cm /mol so that this term is negligible. Since 
the hydrogen gas is considered ideal, Eq. (5) reduces to 
GJH,(ISI. P. T) = Î  + 1 RT in T) .  (6) 
3 
If hydrogen gas dissolves in solution ideally, it will obey 
Sieverts' law, the analog to Henry's law for a dimer species. Sieverts' 
law states that the atomic fraction of hydrogen dissolved in solution is 
proportional to the square root of the equilibrium hydrogen pressure. 
This is expressed as 
\  = KGD) (7) 
— / R T  
where Kg(T) = K^e and AH° is the relative partial molar enthalpy 
of solution at infinite dilution for Eq. (1). Thus, by plotting the 
logarithm of the Sieverts' law constant versus reciprocal temperature, 
the enthalpy of the solution reaction of hydrogen gas dissolving in the 
metal solid solution may be obtained. From the definition of activity, 
G. - G° = RT In a. where a. = YX. and y is the activity coefficient which 
IX 1 I X 
can be temperature and composition dependent, it follows from Eq. (6) 
that 
\/2 ' -"Hj' • 
since the standard state of hydrogen is diatomic hydrogen gas at one 
atmosphere and the temperature of interest. When Sieverts' law is 
obeyed, the activity coefficient is only temperature dependent and 
YY = .  (9) 
Thus, Eq. (6) becomes 
^[H] = I - RT In Kg + RT In . (10) 
4 
The partial molar enthalpy of solution of hydrogen in the metal at a 
given composition can be obtained from a plot of the logarithm of the 
equilibrium hydrogen pressure versus reciprocal temperature. This result 
is obtained by dividing each term in Eq. (6) by T and differentiating at 
constant composition with respect to 1/T, thus, 
R 3 1 » P  ^  1  
2 3 1/T ~ ^[H] " 2 ^ 2 ~ 3 1/T 3 1/T ' 
As the hydrogen content increases in metals which dissolve hydrogen 
exothermically, a concentration will be reached at which the formation 
of a hydride phase will begin. In a plot of the equilibrium pressure of 
hydrogen versus hydrogen content in a binary system, this will be 
represented by a horizontal line or plateau. Data on two reactions may 
then be obtained. The first is the temperature dependence of the con­
centration point where the plateau begins. This concentration is 
referred to as the terminal solid-solubility of hydrogen and is the 
boundary of the metal-hydrogen solid solution. Tliis solution reaction 
is represented by 
™2(S) Î 
At equilibrium the standard state free energy change is 
^™Sat . 
AG° = - RT In K = - RT In ~ -2RT In \ (13) 
since for a dilute solution ^ << 1. Thus, by plotting the 
5 
logarithm of the terminal hydrogen solubility versus reciprocal tempera­
ture, one may obtain the enthalpy of solution of the metal hydride in 
the saturated metal solid solution. 
The second reaction is the formation of the nearly stoichiometric 
hydride phase and occurs in a two-phase region of metal hydride and metal 
solid solution. This reaction is represented by 
""(s) + »2(g) : ^2(s) ' (14) 
At equilibrium, the standard state free energy change is 
AG" = - RT In K = - RT In — % RT In P„ . (15) 
^2 
Thus, by plotting the logarithm of the plateau pressure versus reciprocal 
temperature, one may obtain the enthalpy of formation of the metal 
hydride from the saturated metal phase. As can be seen from the preceding 
reactions, the important thermodynamic parameter for metal-gas reactions 
is che equilibrium pressure of che gas or, alternatively, the activity of 
the gas. 
The measurement of the activity of hydrogen can be classified into 
two areas: direct and indirect measurements of the equilibrium vapor 
pressure. One indirect pressure measurement can be accomplished by the 
use of electrochemical cells to measure equilibrium voltages and by 
means of the Nernst equation convert to equilibrium pressures. Another 
indirect method is by means of an isopiestic technique. In this case 
the activity of hydrogen is known as a function of temperature and 
6 
hydrogen content in a particular metal, A. One makes intimate contact 
between metal A and another metal or alloy, B, such that hydrogen may 
flow freely between them. At equilibrium, the chemical potential of 
hydrogen will be equal in each metal and from Eqs. (6) and (8), it fol­
lows that the activity of hydrogen will be equal in each metal. The 
hydrogen content in each metal is measured and from the measured hydro­
gen content in specimen A, the equilibrium vapor pressure of the two 
specimens can be ascertained. Thus, hydrogen pressure-composition 
isotherms for metal B can be measured even at temperatures at which 
equilibrium with the gas phase could not be established. 
Sections I and II of this thesis are reports of the direct measure­
ments of the equilibrium vapor pressure of hydrogen in a binary and 
ternary system, respectively. Section I contains the first reported 
hydrogen pressure-composition isotherms for the Sr-H system. Section II 
contains the pressure-composition isotherms of the Th-N-H system at the 
metal-rich composition range. 
Section III contains the pressure-composition isotherms, at near 
ambient temperatures, in various vanadium-based alloys. The results 
were obtained by the isopiestic technique. This research was initiated 
to investigate the trapping of hydrogen by substitutional solutes in 
Group VB metals. 
The trapping of hydrogen by interstitial (4,5,6) and substitutional 
solutes (7,8,9,10,11) in Group VB metals has been reported by a number 
of investigators. It is believed an attractive interaction exists 
between hydrogen and the solute of interest. The magnitude of this 
7 
interaction in the Group VB metals is reported to be approximately 0.1 
eV/atom to 0.2 eV/atom. In other systems such as Fe-H (12) and Ti-H in 
Fe (13), stronger interactions of 0.5 eV/atom and 0.3 eV/atom, respec­
tively, have been reported. The data reported on Group VB alloys with 
substitutional solutes have been mainly hydrogen equilibrium vapor pres­
sures above 300°C where the effect of the attractive interaction is 
reduced due to the greater thermal energy at high temperature. The 
hydrogen terminal solid solubility has been measured at ambient tempera­
tures but not the hydrogen pressure-composition isotherms due to the 
extremely low hydrogen equilibrium pressures at these temperatures. 
There are no models available to predict the equilibrium hydrogen 
pressure as a function of hydrogen content, temperature and solute con­
tent in alloy systems which are suspected of hydrogen trapping. Quali­
tatively, if the deep trap model is valid, a plot of the hydrogen 
activity versus hydrogen content should exhibit a small slope till the 
traps, interstitial or substitutional atoms, are saturated with hydrogen. 
At this point, the slope will change and have a much larger value. 
An alternative means of expressing the effects of one solute on the 
thermodynamic properties of another solute is the interaction parameter 
or coefficient devised by Wagner (14). The interaction parameter is a 
means to quantify the effects of dilute solutes on the activity coeffi­
cient of the solute of interest, in this case hydrogen. The interaction 
coefficients are first-order terms in a Taylor series expansion, at a 
given temperature, of the logarithm of the activity coefficient of 
hydrogen. All but first-order terms are neglected. Thus, one obtains 
8 
In Yg = In y; + ' e„ + 4 + (16) 
where 
 ^ '^ H 
'H 
and M 
'H 
3 In y, 
H (17) 
If hydrogen in solution exhibits Sieverts' law, one can substitute the 
Sieverts' constant for the activity coefficient of hydrogen. Since the 
Sieverts' constant is independent of hydrogen concentration, is equal 
M 
to zero. However, the term may be nonzero if additions of a sub­
stitutional solute change the value of the Sieverts' constant for the 
alloy. 
9 
SECTION I. EQUILIBRIUM HYDROGEN PRESSURES IN THE STRONTIUM-
HYDROGEN SYSTEM 
10 
INTRODUCTION 
Investigation of the literature showed very little information on 
the thermodynamics of the strontium-hydrogen system. The enthalpy of 
formation of strontium dihydride had been determined mainly by calori-
metric techniques. Guntz and Benoit (1), who measured the enthalpies of 
solution of strontium metal and of strontium dihydride in dilute hydro­
chloric acid, reported a value of -42.2 kcal/mol SrHg for the enthalpy 
of formation of strontium dihydride. Ehrlich, Peik and Koch (2) performed 
a similar experiment and reported a value of -43.0 kcal/mol SrH^. Hydro­
gen pressures reported by Ephraim and Michel (3) over several strontium 
metal-dihydride two-phase compositions were apparently not equilibrium 
pressures and the strontium metal that was used was of unknown purity. 
Banus and Bragdon (4), who measured the dissociation hydrogen pressures 
for the condensed-phase composition of 92.3 mol percent SrH^, reported a 
value of -47.0 kcal/mol for the enthalpy of formation of strontium 
dihydride. However, the stainless steel container used in this study 
probably caused high equilibrium pressures by alloying with the strontium 
metal. 
The need for fundamental thermodynamic data for metal-hydrogen sys­
tems in extending our understanding of the interaction of hydrogen in 
metals, the availability of pure strontium» and the fact that there are 
no reported pressure-composition isotherms for the strontium-hydrogen 
system prompted this investigation. Peterson and Colburn (5) have 
established the phase diagram for strontium and strontium dihydride. 
Thus, it is possible to interpret the pressure-composition isotherms 
11 
with less ambiguity. The high equilibrium vapor pressures of the 
alkaline-earth metals and their high reactivities require sealed and 
chemically inert crucibles to contain the metal and hydride phases. 
Previous pressure-composition isotherm measurements of the alkaline-
earths (4,6) have relied on iron crucibles which have the disadvantage 
of slow hydrogen permeations. Thus, long periods of time had to be 
allowed for hydrogen pressure equilibrium to be attained through the 
crucible. Tantalum was used as a container for the strontium specimens 
for this study. Tantalum acted as a semipermeable membrane that allowed 
the hydrogen to pass through reversibly and rapidly but prevented the 
strontium metal from escaping and was resistant to attack by strontium 
or strontium hydride. 
12 
EXPERIMENTAL 
The strontium metal was obtained from King Laboratories, Syracuse, 
New York and purified by triple distillation at 300°C under 6 mm of 
helium pressure. The resulting purity would be equal to that reported 
by Fitzgibbon, Ruber and Hoiley (7). The strontium metal was always 
handled in an argon-filled dry box to prevent reaction with water vapor 
and oxygen. The tantalum capsules were 12.7 mm in diameter and had a 
0.25 mm wall thickness. The tantalum capsule was chemically cleaned and 
weighed. The strontium metal, g, was sealed in the tantalum capsule 
by arc welding in an argon-filled dry box. The sealed capsule was out-
-4 gassed for 3 days at 900°C under a residual pressure of 5 x 10 Torr to 
remove the hydrogen in the strontium metal and in the capsule. 
Hydrogen pressures in the conventional Sieverts'-type apparatus 
were measured using a mercury manometer which could be read to ±0.3 mm. 
The capsule was contained in a silica furnace tube that was inserted 
into an Inconel block positioned in the center of an electric furnace. 
The temperature was measured by a Chromel-Alumel thermocouple located 
above the sample between the silica tube and the Inconel block. This 
temperature was compared with the temperature in the tantalum capsule 
and they were found to never differ by more than 1.5°C. The temperature 
was controlled ±2®C during a run and was constant to one degree over a 
5 cm length of the Inconel block. Since the amount of gas in the silica 
furnace tube at constant pressure decreased with increasing furnace 
temperature, the effective volume of the apparatus was determined at a 
number of furnace temperatures. Very pure hydrogen gas was obtained 
13 
by the thermal decomposition of uranium hydride. The hydrogen pressure 
was taken to be the equilibrium pressure when it had been constant 
within ±0.5 mm for at least 6 hours. Typically, the hydrogen pressure 
became constant within 1.5 hours after a change in either composition or 
temperature. 
The amount of hydrogen in the tantalum capsule and specimen was 
determined by the difference between the total amount of hydrogen gas 
that had been added to the system and the amount of hydrogen remaining 
in the gas phase. The amount of hydrogen dissolved in the tantalum 
capsule, at a given pressure and temperature, was calculated from the 
high-temperature solubility of hydrogen in tantalum reported by Franzen, 
Kahn and Peterson (8). The distribution of hydrogen in the condensed 
phases was highly in favor of the strontium specimen and there were 
1.6 times as many moles of strontium as of tantalum. The amount of 
hydrogen in the tantalum metal was always less than 1 percent of the 
total hydrogen in the condensed phases. 
14 
EXPERIMENTAL RESULTS 
Hydrogen is very soluble in both liquid and solid strontium in the 
temperature range from 700-900®C. The solubility follows Sieverts' law 
in both the liquid and the solid state up to a hydrogen to metal ratio 
1/2 
of 0.35, as shown in Fig. 1 which is a plot of P versus the H/Sr atom 
^2 
ratio. The question of whether Sieverts' law is best expressed as a 
proportionality between the square root of the hydrogen pressure and the 
atomic fraction or the hydrogen to metal ratio is usually moot 
because at low concentrations these two concentration expressions are 
so nearly equal. However, the hydrogen atoms are going into interstitial 
positions and not replacing the metal atoms and so it seems reasonable 
to expect direct proportionality of concentration-related properties 
with the concentration expressed as interstitial to metal atom ratio. 
In the case of hydrogen in strontium, the concentration range extends 
to higher concentrations where there is a difference between the 
two expressions. However, our data fit either concentration func­
tion about equally well and the decision to use hydrogen to metal 
atom ratio was based on the opinion that this is a more logical 
and convenient way of expressing the concentration in interstitial 
alloy systems. 
The dissolution of hydrogen gas in strontium metal corresponds to 
the reaction: 
H^(g) ^  2[H]gp . (1) 
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Figure 1. P vs. H/Sr ratio in S -Sr metal 
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The enthalpy for the above reaction was obtained from the slope of a 
plot of the logarithm of the Sieverts' law constant versus reciprocal 
temperature. Data were combined from both the liquid and solid state 
ranges thus ignoring the heat of fusion of strontium metal. This was 
done because the data for either range alone covered a very small 
temperature interval and the heat of fusion was about equal to the 
uncertainty in the heat of solution. The enthalpy of solution of 
hydrogen gas in strontium metal was determined to be -28.6 ± 2.4 kcal/ 
mol 
The measured equilibrium hydrogen pressures are shown as a function 
of composition in Fig. 2 in a log-log plot. In accordance with the 
Sieverts' law behavior, the prcssure-composition isotherms in the region 
below the saturation of the strontium metal with SrH^ are drawn with a 
slope of two. The data in Fig. 2 include both the absorption and 
desorption measurements as no hysteresis effects were observed in the 
strontium-hydrogen system. The solubility limit of SrH2 dissolved in 
the strontium metal at each temperature was taken as the intersection 
of the two-phase, plateau pressure line and the Sieverts' law behavior 
line. 
From the slope of the logarithm of the solubility of SrH^ in 
strontium metal against reciprocal temperature, shown in Fig. 3, one may 
obtain the enthalpy of solution for the reaction: 
The data from the present investigation and the results reported by 
17 
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Peterson and Colbum (5) are shown in Fig. 3 where the solid line 
represents a least-squares treatment of the data from the present 
investigation. The enthalpy of solution of a-SrH^ in 6-Sr metal was 
found to be +13.0 ± 1.0 kcal/mol SrH^ in excellent agreement with 
+15.9 ± 2.0 kcal/mol SrH^ reported by Peterson and Colburn (5). 
The plateau regime in Fig. 2 when the hydrogen pressure is constant 
over a range of H/Sr values corresponds to the reaction: 
S=\s) + H2(g) Z . (3) 
A plot of the logarithm of the equilibrium hydrogen pressure versus 
reciprocal temperature at a hydrogen to metal ratio of 1.4 is shown in 
Fig. 4. Pressure measurements were made at additional temperatures at 
this composition to give greater certainty in the enthalpies. The 
enthalpies of formation of a-SrH2 and p-Srn^, obtained from the slopes 
of Fig. 4, were -43.6 ± 0.7 kcal/mol and -45.2 ± 2.0 kcal/mol 
respectively. The plateau pressures for the formation of a-SrH^ and 
B-SrH^ are given by the expressions; log P(min) = 10.0 - 9570/T and 
log P(mm) = 10.4 - 9980/T, respectively. The large uncertainty in the 
enthalpy of formation of B-SrHg was due to the very narrow temperature 
range over which this reaction could be studied. The agreement of the 
enthalpy of formation of a-SrH2 with the calorimetric results of 
-42.2 kcal by Guntz and Benoit (1) and -43.0 kcal by Ehrlich et al. (2) 
is quite good considering that these are obtained from different 
experimental techniques and reactions. The self-consistency of the 
thermodynamic data for the strontium-hydrogen system can be checked 
20 
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by comparing the heat of reaction of H2 to form SrHg with the sum of 
the heat of solution of in Sr metal and the heat of precipitation of 
SrHg from Sr metal. The heat of reaction of H2 to form SrHg was 
-43.6 ±0.7 kcal and the sum of the heat of hydrogen solution and of 
SrHg precipitation was -46.6 ± 3.4 kcal. This is not perfect agreement 
but is quite good when the uncertainty in the various values is included. 
The composition range of strontium hydride appears to be quite 
narrow as shown in Fig. 2. The lower composition limit of the hydride 
decreases only slightly with increasing temperature. The hydrogen 
pressure rises very rapidly with composition in the hydride phase range. 
The lower composition limits of the hydride shown in Fig. 2 are from 
1.80 to 1.90. These compositions are not very accurate because at this 
point in the determination of a pressure-composition isotherm there have 
been small additions of hydrogen and each increment increases the 
uncertainty in the composition. Also, the long times at high tempera­
tures allow some hydrogen to permeate through the silica walls of the 
furnace tube and escape. A special run was made to establish this lower 
composition limit. The hydrogen was added in a few larger increments and 
the time at high temperature was kept very short. Tliis run gave a 
value of 1.97 ± 0.02 for the lower hydride composition limit at 800°C. 
This agrees quite well with the value of 1.96 obtained by analysis of 
the hydride in equilibrium with strontium metal (5). 
22 
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SECTION II. EQUILIBRIUM HYDROGEN PRESSURES IN THE THORIUM-
NITROGEN-HYDROGEN SYSTEM 
24 
INTRODUCTION 
Peterson and Rexer (1) investigated the thorium-carbon-hydrogen 
system by means of pressure-composition isotherms and reported two 
ternary compounds between thorium monocarbide and thorium dihydride. 
Blunck and Juza (2) have reported a thorium-nitrogen-hydrogen ternary 
compound, ThHN^ synthesized by reaction of thorium with ammonia 
under high pressures and moderate temperatures. They characterized the 
structure as face-centered cubic, a^ = 5.61 A, and reported no thermo­
dynamic data. The present investigation was conducted to see whether 
the thorium-nitrogen-hydrogen system forms compounds similar to the 
thorium-carbon-hydrogen system, and to provide fundamental thermodynamic 
data. 
25 
EXPERIMENTAL 
The thorium specimens were prepared from magnesium-reduced thorium 
with a purity equal to that reported by Peterson, Krupp and Schmidt (3). 
The thorium metal was arc melted with prepurified nitrogen gas to obtain 
the desired nitrogen content. The specimens, cut from arc-melted but­
tons, were slabs ~1.5 cm long and weighed g. The nitrogen content of 
each specimen was determined by the Kjeldahl method. Each specimen was 
also examined metallographically to confirm uniformity of the two-phase 
microstructure of thorium metal and thorium nitride. Very pure hydrogen 
gas was obtained by the thermal decomposition of uranium hydride. 
The apparatus was a conventional Sieverts'-type apparatus with a 
mercury manometer which could be read to ±0.3 mm. The specimens were 
contained in a fused silica tube with 3 mm thick walls which was inserted 
into an Inconel block positioned in the center of an electric furnace. 
The 3 mm thick walls in the furnace tube were needed to reduce the loss 
of hydrogen by permeation. With 1 mm thick walls, the pressure change 
by permeation through the walls resulted in serious hydrogen losses and 
difficulty in using a pressure change criterion for the attainment of 
equilibrium. There was still a small loss of hydrogen with the thicker 
walls as a consequence of the long times needed for equilibrium but it 
was not significant except after very long times at the higher tempera­
tures. The temperature was measured by a Chromel-Alumel thermocouple 
located above the sample between the silica tube and the Inconel block. 
This temperature was compared with the temperature at the specimen and 
found to differ by no more than 1.5°C. The temperature was controlled 
to ±2°C during a run and was constant to 1.0°C over a 5 cm length of the 
Inconel block. Since the amount of gas in the silica furnace tube at 
constant pressure decreased with increasing furnace temperature, the 
effective volume of the apparatus was determined at a number of furnace 
temperatures. The hydrogen pressure was taken to be the equilibrium 
pressure when it had been constant within ±0.5 mm for 2 days. Typical 
equilibration times were on the order of 14 to 20 days, apparently 
because the attainment of equilibrium required diffusion of nitrogen as 
well as hydrogen. The amount of hydrogen dissolved in the condensed 
phases was determined by the difference between the total amount of 
hydrogen gas that had been added to the system and the amount of hydrogen 
remaining in the gas phase. 
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RESULTS 
The pressure-composition isotherms showed that only one compound of 
thorium, nitrogen and hydrogen was formed which was more stable than 
Th^H^^. Hydrogen first went into solid solution in the thorium metal 
with a very small amount into the thorium nitride phase till the formation 
of thorium dihydride occurred at a fixed pressure at each temperature. 
This is shown in Fig. 1 which is a plot of the squcre root of the equilib­
rium hydrogen pressure versus hydrogen to thorium ratio for a specimen 
with a nitrogen to thorium ratio of 0.484. There are two solid phases in 
the specimen at the beginning of the experiment and a third phase is 
forming in the constant pressure plateau region. This complicates the cal­
culation of the hydrogen concentration in each phase. The start of the 
plateau in Fig. 1 marks the solubility limit of ThH^ thorium. The hy­
drogen concentration in the thorium phase at 800°C, calculated on the as­
sumptions that ThN was exactly stoichiometric and dissolved no hydrogen, 
gave a solubility limit of 0.29 H/Th which agrees very well with the 
values reported by Peterson and Westlake (4) in pure thorium. The upper 
composition end of the plateau corresponds to the lower limiting composi­
tion of ThH^ in equilibrium with thorium metal. The calculated composi­
tion at 800°C was 2.2 H/Th which is appreciably higher than the value 
reported by Peterson and Rexer (5). This increase in the amount of hydro­
gen in the hydride phase may have been caused by ThN dissolving in the 
hydride phase and increasing the amount of hydride phase. 
After the formation of thorium dihydride was complete, the hydrogen 
pressure increased until the ternary compound began to form. This is 
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shown in Fig. 2 which is a plot of the square root of the equilibrium 
hydrogen pressure versus hydrogen to thorium ratio for a specimen with 
a nitrogen to thorium ratio of 0.692. It can be seen from Fig. 2 that 
the thorium-nitrogen-hydrogen compound forms at a constant hydrogen 
pressure at the lower temperatures but at higher temperatures, the 
plateau pressure was not constant. Such sloping plateaus often are 
associated with a change in composition of the phase. After the thorium 
nitride phase disappeared, the hydrogen content of the ternary compound 
increased as the hydrogen pressure increased. This compound is not of 
fixed composition but apparently varies from ThNH, „ to ThNH„ 
X • o Z, • ^ 
The dissolution of hydrogen into thorium metal corresponds to the 
reaction 
The enthalpy for this reaction was obtained from the slope of a plot of 
the logarithm of the Sieverts' constant versus reciprocal temperature 
which was obtained from data in Fig. 1. The value obtained from a linear 
(1) 
least-squares treatment was -20.9 ± 0.9 kcal (mol H2) which agrees very 
well with the value of -21.7 kcal (mol reported by Mallett and 
Campell (6). 
The plateau regime in Fig. 1 corresponds to the reaction 
Th (s) + H, 2(g) + ThH, 2(s) (2)  
and that in Fig. 2 corresponds to 
ThNH 
x(s) (3) 
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Plots of the logarithm of the equilibrium hydrogen pressure versus recip­
rocal temperature are shown in Fig. 3. Included in Fig. 3 are the data 
reported by Peterson and Rexer (5) for thorium dihydride and Nottorf (7) 
for Th^H^g. The plateau pressures for thorium dihydride in this inves­
tigation are slightly lower than those reported by Peterson and Rexer 
(5) which is probably due to the reduced activity of thorium dihydride 
due to dissolved nitrogen. A linear least-squares treatment yielded 
enthalpies of formation of -34.1 ± 0.1 kcal (mol ^ and -16.3 ± 1.5 
kcal (mol H^) ^  for ThH^ and ThNH^, respectively. The plateau pressure 
for the formation of ThNH^ in the range 390-600°C is given by the expres­
sion log P (mm) = 6.50 - 3570/T. The agreement of the enthalpy of 
formation for thorium dihydride with the values reported by Mallett and 
Campell (6), -34.3 kcal (mol and Peterson and Rexer (5), -35.0 
kcal (mol H^) is quite good. 
Powder X-ray diffraction was performed using a 11.46 cm Debye-
Scherrer camera with Ni filtered Cu radiation. The specimens 
examined were the final product from the experiment in Fig. 2 and also 
a sample with a nitrogen to thorium ratio of 0.484 and a hydrogen to 
thorium ratio of ^2.2. From the former specimen, the pattern of the 
ternary compound, ThNH^, was indexed on the basis of a face-centered 
cubic unit cell with a^ = 5.596 ± 0.008 A. The accuracy of the X-ray 
data is limited due to line broadening. The latter specimen confirmed 
the tnree-phase region of thorium dihydride, thorium nitride and thorium 
nitride hydride. The results obtained on the crystal structure and 
lattice parameter of the thorium-nitrogen-hydrogen compound agrees well 
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with that of Blunck and Juza (2). They reported a face-centered cubic 
O 
lattice with a^ = 5.61 A. The composition they reported for the ternary 
compound, ThHN^ 23» may not be exact. The methods of analysis were not 
mentioned other than that the hydrogen content was measured by acidic 
decomposition. 
This thorium ternary nitride hydride differs in several ways from 
the thorium carbohydride ThC-ThHg. The crystal structure is based on a 
face-centered cubic arrangement rather than the hexagonal close-packed 
arrangement typical of the carbohydrides. In addition, the molar volume 
of ThC-ThH^ was nearly the sum of the volumes of the appropriate quan­
tities of The and ThH^. Thorium nitride hydride has a unit cell which 
is larger than ThH^ and much larger than ThN. The hydrogen to metal 
atom ratios are also higher than one would expect based on the binary 
hydride. Lastly, the enthalpy of formation of this compound and its 
thermal stability are less than that of the binary hydride whereas in 
the carbohydride both of these were greater. The bonding in this 
thorium nitride hydride seems to be different from that in thorium 
carbohydride. Further studies would be interesting if this compound 
were not so slow to form and difficult to handle due to its extreme 
reactivity with water vapor. 
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SECTION III. ISOPIESTIC SOLUBILITY OF HYDROGEN IN VANADIUM 
ALLOYS AT LOW TEMPERATURES 
36 
INTRODUCTION 
Hydrogen behavior in the Group VB metals, V, Nb and Ta, has been the 
subject of many investigations. In part, this is because of the high 
solubility of hydrogen in these metals and the rapid rate of diffusion. 
Substitutional alloys of these metals have been suspected of showing 
hydrogen trapping. The hydrogen pressure-composition isotherm studies on 
such alloys that have been reported (1-8) have, with one exception, been 
above 500 K where the effects of hydrogen trapping are reduced due to the 
increased thermal energy. Measurements of the hydrogen equilibrium 
pressure have been made above 500 K because of the low equilibrium pres­
sure at lower temperatures and the inability to establish equilibrium 
with the gas phase through a surface barrier. Hydrogen has been reported 
to be trapped by dislocations in iron (9) and by interstitial (10-12) or 
by substitutional solutes (13,14) in Group VB metals to explain the 
results of diffusion, resistivity, internal friction or NMR measurements. 
However, no hydrogen pressure-composition isotherms below 500 K have been 
reported in metal-hydrogen systems suspected of hydrogen trapping. 
Pressure-composition isotherms at lower temperatures should exhibit the 
effects of hydrogen trapping directly and provide information on whether 
any thermodynamic corrections are needed for transport phenomenon. 
Qualitatively, if a deep trap model is valid, the hydrogen activity 
should be low at low hydrogen concentrations until the traps, intersti­
tial or substitutional atoms, are saturated with hydrogen. At this 
point, the activity of hydrogen should increase much more rapidly with 
concentration. This investigation was initiated to study the equilibria 
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and thermodynamics of hydrogen dissolution in alloy systems suspected of 
hydrogen trapping. Tlie isopiestic, equal hydrogen pressure, solubility 
of hydrogen was measured from 223 to 473 K in vanadium-niobium, 
vanadium-chromium and vanadium-titanium alloys over a wide range of 
hydrogen concentrations, 
The technique used a cluster specimen consisting of short rods of 
several of the alloys plus a rod of pure vanadium all welded together at 
one end. This cluster specimen was charged with a fixed amount of 
hydrogen in a Sieverts' apparatus and then held at the chosen tempera­
ture until the hydrogen had distributed so as to have an equal activity 
in all the alloy rods. The composite specimen was sectioned to provide 
several samples from each rod that were analyzed for hydrogen. Boes and 
Ziichner (15) and Griffiths et al. (16) have reported that hydrogen in 
pure vanadium follows Sieverts' law from 293 to 463 K up to hydrogen 
to metal atom ratios of 0.03 giving the Sieverts' law constant as a 
function of temperature. At equilibrium, the activity of hydrogen was 
equal in each alloy rod and, from the hydrogen content measured within 
the Sieverts' law range in pure vanadium, the hydrogen equilibrium vapor 
pressure of the alloys was ascertained. Thus, hydrogen pressure-compo­
sition isotherms for these alloys can be measured even at temperatures 
at which equilibrium with the gas phase could not be established. 
These vanadium alloys are good candidates for this study of alloy 
effects on solubility as they are either continuous solid solutions or 
have a wide range of solid solubility in the temperature and concentra­
tion ranges of interest. Thus, one is not restricted to small solute 
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concentrations as is the case of trapping by interstitial atoms in solid 
solution. Also, the selection of alloying elements from three adjacent 
columns of the periodic chart provided a variation in the electron to 
atom ratio. Titanium is a metal with a large affinity for hydrogen, 
chromium has a very low affinity and niobium is intermediate between 
these two. A concurrent investigation by Peterson and Herro (17) has 
shown that the diffusivity of hydrogen is moderately high in these alloys 
around ambient temperatures. The terminal solubilities of hydrogen for 
these alloys are also high (13,18,19). Thus, experiments based on an 
isopiestic technique could be performed in reasonable times and over a 
wide range of hydrogen concentrations. 
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EXPERIMENTAL 
Short rods of each metal or alloy, 20 x 1.5 x 1.5 mm, were electro-
polished and weighed. The metal and alloy rods were welded together at 
one end into cluster in an argon-filled drybox with each cluster contain­
ing a rod of the reference pure vanadium. A known number of moles of hy­
drogen gas was introduced to each cluster in a conventional Sieverts'-type 
apparatus at 1075 K. Very pure hydrogen gas for charging was obtained by 
the thermal decomposition of uranium hydride. After furnace cooling, each 
cluster was placed in silicone oil baths at 297, 373 and 473 ± 1 K 
or into a chilled alcohol bath at 223± 3 K until equilibrium was attained. 
Equilibrium was verified by the absence of hydrogen concentration gradi­
ents in each rod. The clusters were cleaned, the welded end removed, 
each metal rod was divided into four samples and the hydrogen content 
determined by hot vacuum extraction. The final hydrogen content of each 
metal specimen was the average of at least three analyses. The Sieverts' 
constants reported by 5oes and Ziichner (15) and Griffiths et al. (16) 
were treated by a linear least-squares treatment and yield the expression 
log K = 5.766 - 1734/T . (1) 
The value of the Sieverts' constant at a given temperature obtained from 
Eq. (1) was multiplied by the hydrogen concentration measured in the 
reference pure vanadium to obtain the activity of hydrogen for a given 
cluster specimen. 
The vanadium alloys were prepared by arc melting on a copper hearth 
under argon. Weight losses in arc melting were negligible so that alloy 
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compositions were determined from the intial weights and were confirmed 
by chemical analyses. Thus, compositions of 10, 25, 50, 75 and 
90 atomic percent niobium, 1, 5, 10, 20, and 30 atomic percent 
titanium and 10, 20 and 30 atomic percent chromium were prepared. 
All the above alloys are single phase, bcc alloys at room tempera­
ture. Metallographic and X-ray analyses confirmed that each alloy 
was a bcc single phase and had the lattice parameters listed in Table 1 
which were, in each case, a linear function of solute concentration. The 
values for pure vanadium and niobium agree well with the values for 
similar purity vanadium and niobium reported by Carlson et al. (20) and 
Pfeiffer and Peisl (21), respectively. The alloy buttons were rolled to 
1.5 mm thick sheet from which the specimens were cut. The specimens of 
each alloy were given an appropriate recrystallization anneal at pres-
-4 
sures less than 10 Pa. Carbon, nitrogen and oxygen concentrations in 
the annealed specimens are listed in Table 2. Analyses of three speci­
mens after charging with hydrogen showed that gas-phase charging did not 
alter the interstitial solute concentration significantly. Carbon was 
by combustion analysis; nitrogen and oxygen by vacuum fusion analysis. 
The amounts of other impurities were measured by a spark source mass 
spectrograph. The pure vanadium had a total substitutional impurity 
concentration of 0.03 atomic percent and the other pure metals used in 
alloying had total substitutional impurity concentrations ranging from 
0.04 to 0.06 atomic percent. 
The mass balance of hydrogen was confirmed by comparing the known 
number of moles of hydrogen added to a given cluster and the total moles 
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Table 1. Lattice parameters of 
vanadium alloys at 297 K 
Alloy 
(atomic percent) 
0 Nb 
10 Nb 
25 Nb 
50 Nb 
75 Nb 
90 Nb 
100 Nb 
10 Cr 
20 Cr 
30 Cr 
1 Ti 
5 Ti 
10 Ti 
20 Ti 
30 Ti 
a_ ± 0.005 (A) 
3.029 
3.065 
3,106 
3.177 
3.242 
3.278 
3.301 
3.012 
2.997 
2.981 
3.030 
3.040 
3.055 
3.080 
3.103 
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Table 2. Carbon, nitrogen, and oxygen concentrations 
in annealed vanadium alloys 
Concentrations, atomic percent 
Alloy Carbon Nitrogen Oxygen 
0 Nb 0.004 <0.001 0.016 
25 Nb 0.053 0.013 0.036 
50 Nb 0.035 0.021 0.042 
75 Nb 0.030 0.038 0.062 
100 Nb 0.025 0.001 0.008 
10 Cr 0.027 <0.001 0.023 
20 Cr 0.013 <0.001 0.016 
5 Ti 0.013 0.001 0.032 
10 Ti 0.017 0.002 0.038 
20 Ti 0.019 0.004 0.044 
30 Ti 0.011 0.007 0.024 
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of hydrogen measured by hot vacuum extraction. The latter was obtained 
by summing the moles of hydrogen in each alloy in a cluster, taken as the 
average hydrogen to metal atom ratio times the initial number of moles 
of that alloy. These two values did not differ by more than 5 percent, 
which was within the combined experimental uncertainties of gas-phase 
charging and hot vacuum extraction, in ten separate cluster specimens. 
To determine whether the metal specimens gained or lost hydrogen when 
exposed to hot silicone oil, vanadium metal was charged with hydrogen 
and exposed to 473 K silicone oil for 7 days with no change in the 
hydrogen concentration. 
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RESULTS 
Hydrogen pressure-composition measurements in the vanadium-hydrogen 
and niobium-hydrogen systems were made from 700 to 1120 K by a conven­
tional Sieverts'-type apparatus in order to verify the literature data 
1/2 
and extend the temperature range studied. The plots of P versus H/M 
H2 
showed that hydrogen followed Sieverts' law in the pure vanadium and 
niobium systems up to hydrogen to metal atom ratios of 0.05 and 0.04, 
respectively. The Sieverts' constants which were obtained from the 
above study are shown in Fig. 1 versus reciprocal temperature with the 
values that have been reported by Boes and Zuchner (15) and Griffiths et 
al. (16) for pure vanadium and by Pryde and Titcomb (22) and Boes and 
Zuchner (15) for pure niobium. The agreement shown for vanadium in 
Fig. 1 between the present investigation and the other two investigators 
is extremely good. The significance of this is augmented by the fact 
that two experimental techniques were employed. Direct hydrogen pres­
sure measurements were used in the present work and Griffiths et al. 
(16), while an electrochemical technique was used by Boes and Zuchner 
(15). Thus, the accuracy of the hydrogen equilibrium pressures in the 
vanadium system, to which all the data in the present isopiestic study 
are referred, is quite good. The pressure-composition data reported by 
Veleckis and Edwards (23) and by Kleppa, Dantzer and Melnichak (24) 
showed deviations from Sieverts' law above 10 atomic percent hydrogen 
but the data below 5 atomic percent at low temperatures were too scanty 
and scattered to establish the behavior below that concentration with 
certainty. The variation that was observed in AH^ with concentration 
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would predict a departure from Sieverts' law even at their higher tem­
peratures unless there were a compensating change in AS with concentra­
tion. The consensus is that Sieverts' law is followed in the vanadium-
hydrogen system at concentrations below 0.05 H/V ratio and the concen­
tration range in our reference vanadium sample was always less than 0.03 
H/V. Our niobium results shown in Fig. 1 were obtained by direct hydro­
gen pressure measurements above 600 K and by the isopiestic technique 
below 600 K. These two techniques showed very good agreement between 
themselves. The data reported by Boes and Zuchner (15) for pure niobium 
also agreed very well with the present investigation; Pryde and Titcomb 
(22) reported larger values of the Sieverts' constant at a given tempera­
ture but the temperature dependence was the same. The larger values of 
the Sieverts' constants could have been due to a different impurity 
concentration in the niobium metal used by Pryde and Titcomb (22) but 
this cannot be checked because they did not report the purity of their 
niobium specimens. 
Sieverts' law is followed in the vanadium-niobium alloys studied 
up to surprisingly high hydrogen to metal atom ratios of 0.20 in some of 
the alloys. This Sieverts' law behavior and also the effects of addi­
tions of niobium to vanadium on the isopiestic solubility of hydrogen 
1/2 
are shown in plots of P„ versus H/M for the vanadium-niobium alloys 
£12 
in Figs. 2-4. The pressure-composition relationship for hydrogen in 
pure vanadium obtained from Eq. (1) is shown in each figure for compari­
son. Pure niobium and the high niobium alloys showed departures from a 
linear behavior at higher hydrogen concentrations but followed Sieverts' 
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law at lower concentrations. The plots shown in Figs. 2-4 are all 
within the terminal solid-solution range of hydrogen which was much 
larger in these alloys than in the pure metals. All the specimens 
equilibrated at 297 K were examined by optical metallography to detect 
hydride phase precipitation. In any instance, when hydride phase was 
observed, the concentrations were very much higher than expected and 
were not used. From a linear least-squares treatment of the data in 
Figs. 2-4 within the Sieverts' law range, the Sieverts' constants were 
obtained and are listed in Table 3 and plotted versus reciprocal tempera­
ture in Fig. 9. The values for pure vanadium obtained from Eq. (1) and 
for pure niobium are shoxfn for comparison. The standard deviations of 
the Sieverts' constants shown in Fig. 9 were approximately the size of 
the plotted points. The enthalpies of solution for hydrogen in these 
alloys for the reaction 
were obtained from the slopes and the standard entropies of solution for 
hydrogen from the intercepts of Fig. 9 by a linear least-squares treat­
ment and are listed in Table 4. The standard entropy of solution was 
referred to a standard state of hydrogen at one atmosphere pressure and 
a hydrogen concentration of 1.0 H/M. The uncertainty of each enthalpy 
of solution listed in Table 4 is either the standard deviation from the 
linear least-squares fit or 1.5 kj/mol H, whichever is the greater. The 
latter value is an estimated precision based on the total experimental 
uncertainties and Eq. (1). The uncertainty of each standard entropy of 
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Table 3. Sieverts' constants for hydrogen in vanadium alloys 
K^, Pal/2 
Alloy 
(atomic percent) 223K 297 K 373 K 473 K 
0 Nb^ 9.77 X 10 3 0.846 13.1 126 
10 Nb 0.394 7.41 84.8 
25 Nb 0.145 3.65 50.7 
50 Nb 0.0421 1.47 26.9 
75 Nb 0.0261 0.959 18.4 
90 Nb 0.0301 1.02 18.5 
100 Nb 0.0817 2.00 31.7 
10 Cr 2.62 34.4 299 
20 Cr 9.07 107 754 
30 Cr 41.2 409 2230 
1 Ti 0.0126 0.604 10.5 105 
5 Ti 1.51 X 10 ^ 0.113 . 3.12 48.1 
10 Ti 2.55 X 10"^ 2.55 x lO": 1.01 19.9 
20 Ti 3.31 X 10 ^ 3.99 x lO": 0.158 4.79 
30 Ti 7.88 X 10~ 1.46 x lO"^ 0.0598 2.16 
^Data obtained from Eq. (1). 
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Table 4. Enthalpies and standard entropies of solution 
of hydrogen in vanadium alloys 
Alloy AHg ASy 
(atomic percent) (kj/mol H) (J/K-mol H) 
0 Nb^ -33.2 + 1.5 -62.5 + 3.8 
0 Nb -32.2 ± 1.5 -59.7 + 3.8 
10 Nb -35.7 + 1.5 -64.4 + 3.8 
25 Nb -38.9 + 1.5 -67.0 + 3.8 
50 Nb -42.9 + 1.5 -70.2 + 3.8 
75 Nb -43.5 + 1.5 -68.4 + 3.8 
90 Nb -42.7 + 1.5 -66.4 + 3.8 
100 Nb^ -39.4 ± 1.5 -64.3 + 3.8 
100 Nb -38.1 ± 1.5 -60.3 + 3.8 
10 Cr -31.4 + 1.5 -65.9 + 3.8 
20 Cr -29.4 + 1.5 -69.4 + 3.8 
30 Cr -26.6 + 1.5 -72.8 + 3.8 
1 Ti -31.7 + 1.5 -56.7 + 3.8 
5 Ti -36.4 + 1.5 -59.5 + 3.8 
10 Ti -39.6 + 1.9 -58.6 + 5.6 
20 Ti -41.4 + 2.3 -49.5 + 6.7 
30 Ti -43.5 + 2.1 -47.5 + 6.3 
^Data obtained from Eq. (1). 
^Combined data of Eq. (1) and high temperature study 
of this investigation. 
^Data obtained from the isopiestic study. 
^Combined data from the isopiestic and high tempera­
ture studies of this investigation. 
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solution listed in Table 4 represents an estimated precision based on 
the experimental uncertainty in the slope. The increased isopiestic 
solubility of hydrogen in the vanadium-niobium alloys appears to be due 
to an increase in the enthalpy, which reaches a maximum at 75 atomic 
percent niobium, modified by an increase in the entropy term that has 
the effect of reducing the solubility. The enthalpy of solution of 
hydrogen in niobium is greater than in vanadium but there is no clear 
explanation for the still higher values in the alloys. The changes in 
the enthalpy of the solution reaction are not large and the values have 
a larger uncertainty but they do change smoothly and continuously with 
alloy composition. 
The alloying of chromium with vanadium strongly decreased the iso­
piestic solubility of hydrogen as shown by the pressure-composition 
data shown in Figs. 5 and 6. These figures also have data for titanium 
1/2 
alloys and have different P scales on each side so that all of the 
experimental data could be presented without an excessive number of 
figures. However, the result is that the figures are quite full of data 
and require careful reading. The data for the 30 atomic percent chromium 
alloy were left out except at 473 K because the values were so low that 
they could not be plotted on the chosen concentration scale. The 
solubility of hydrogen in the 20 atomic percent chromium alloy is only 
about 10 percent of the value at the same pressure in vanadium. The 
1/2 
concentrations were nicely proportional to P although low concentra-
H2 
tions were difficult to determine without some loss in precision and 
accuracy. The lower solubility was the result of smaller enthalpies of 
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solution and increased entropies which both worked together to produce 
larger Sieverts' constants. The Sieverts' constants are plotted against 
reciprocal temperature in Fig. 9 and wide separation of the lines for 
pure vanadium and the three chromium alloys is obvious. The change in 
AHg at 30 atomic percent chromium was only 6.6 kj/mol H but this is large 
enough to produce quite large composition changes. The present values 
of the enthalpies of solution of hydrogen for the vanadium-chromium 
alloys listed in Table 4 are in good agreement with the values reported 
by Lynch, Reilly and Millot (2) which were measured in the range 473 to 
723 K and vip to 20 atomic percent chromium. 
The large increase in the isopiestic hydrogen solubility with 
increasing titanium concentration, at a given temperature and pressure, 
appears to arise from two simultaneous effects. These are the decrease 
in the value of the entropy of solution of hydrogen and the increase in 
the enthalpy of solution of hydrogen, with the effects being larger at 
higher titanium concentrations. The concentration of hydrogen in a 30 
atomic percent titanium alloy at room temperature was more than 400 times 
as high as in pure vanadium at the same pressure. In addition to the 
increased isopiestic solubility, there was a large increase in the 
terminal solid solubility and the 30 atomic percent titanium alloy did 
not show precipitation of a hydride phase at room temperature even at 
0.6 H/M concentrations. The hydrogen pressure-composition data for the 
titanium alloys are shown in Figs. 5-8. The extent of the Sieverts' law 
concentration range was also increased in the titanium alloys and in 
many of the alloys extended as far as 0.4 or 0.5 H/M. The two highest 
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1/2 
titanium alloys showed positive upward deviation of P„ above 0.4 H/M. 
"2 
The shape of these curves is the shape that would be expected if hydro­
gen were being trapped and held very tenaciously until the traps were 
filled. However, at 30 atomic percent titanium, the concept of isolated 
traps is rather strained because the titanium atoms are really quite 
close together and each tetrahedral site probably has at least one 
titanium neighbor. The upward deviation could also be due to hydrogen-
hydrogen repulsion as the hydrogen atoms are crowded too close together. 
The titanium alloys were studied at 223 K which significantly extended 
the temperature range. These measurements were slow because of the 
slower diffusion of hydrogen and also less precise because the allowable 
concentration of hydrogen in the pure vanadium was low. The specimen at 
223 K with the highest hydrogen concentration showed deviation from 
Sieverts' law in the negative direction which was tentatively ascribed 
to precipitation of a small amount of hydride phase. The Sieverts' con­
stants from the low concentration, linear ranges are tabulated in Table 
3 and are shown as function of reciprocal temperature in Fig. 10. 
Error bars are shown in Fig. 10 whenever the standard deviation of the 
least-squares analysis was larger than the size of the plotted points. 
The enthalpy and entropy values for the solution reaction deduced from 
the data are given in Table 4 and show the increased heat of solution 
and decreased entropy that produce the large increase in the solubility 
of hydrogen. 
An alternative means of analyzing the present isopiestic results 
is the phenomenological model of interaction parameters or coefficients 
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devised by Wagner (25). The interaction coefficients are a means to 
quantify the effects of solutes on the activity coefficient of the 
solute of interest, in this case hydrogen. Thus, for a given vanadium-
metal system containing hydrogen, the interaction coefficient between 
hydrogen and the metal solute, M, in solution is 
M 3 
(3) 
where is the activity coefficient of hydrogen for the alloy with metal 
solute concentration, and is the hydrogen concentration. The 
activity coefficient of hydrogen can be replaced by the Sieverts' con-
M 
stant when within the Sieverts law range. Values of were obtained 
for each alloy system, at a given temperature, from the slope of plots 
of In Kg versus in the linear range at lower concentration and are 
listed in Table 5. The plots were linear to 25 atomic percent niobium, 
20 atomic percent chromium and 10 atomic percent titanium. 
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Table 5. Hydrogen-solute interaction coefficients for 
vanadium alloys 
M V-1 
Ey, (atomic percent) 
Alloy System 223 K 297 K 373 K 473 K 
V-Nb -0.0721 -0.0524 -0.0367 
V-Cr +0.114 +0.0967 +0.0875 
V-Ti -0.365 -0.358 -0.267 -0.185 
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DISCUSSION 
One of the most striking features of the results obtained in the 
present investigation is the wide range of concentrations over which 
Sieverts' law behavior by hydrogen is found in the vanadium alloys 
studied. When hydrogen follows Sieverts' law, there is a constant metal 
matrix-hydrogen interaction and no hydrogen-hydrogen interactions. A 
constant interaction over a wide range of hydrogen concentration is a 
bulk or "global" phenomenon and would not be associated with a local 
phenomenon such as trapping of hydrogen. If the increases in hydrogen 
solubility found in the vanadium-niobium and vanadium-titanium systems 
were due to localized deep trapping by the metal solute atoms, there 
would be one value for the interaction for the hydrogen going into solu­
tion in the trap sites and a different interaction for hydrogen dissolved 
after the traps were filled. No such change in or in the AH^ or AS^ 
of solution with hydrogen was found at concentrations that could be 
reasonably associated with the metal solute concentration. A consequence 
of hydrogen following Sieverts' law over a wide range of hydrogen con­
centrations is that no thermodynamic corrections are needed for hydrogen 
transport phenomenon such as diffusion and thermotransport within this 
range. This follows from the fact that the activity coefficient of 
hydrogen is independent of hydrogen concentration within this range. 
In the alloy systems studied, the enthalpy of solution of hydrogen, 
at a given alloy concentration, becomes progressively smaller as one 
proceeds from titanium to niobium and to chromium. As mentioned earlier, 
this seems reasonable if one considers the relative affinity of hydrogen 
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for titanium, niobium and chromium. Although the electron to atom ratio 
increases as one progresses from titanium to niobium and to chromium, 
it would appear that electrons are more readily available for bonding 
in titanium, less so in niobium and hardly at all in chromium. This is 
also reflected by the stoichiometry of the stable hydrides formed by 
these metals: TiH^, MbK^ and CrH^. An atomistic model for the effects 
of electronic interactions on the value of the enthalpy of solution, 
however, cannot be formulated quantitatively at this time. The decrease 
in the value of the entropy of solution with increasing titanium concen­
tration and the increase in value with niobium and chromium concentration 
are due to the changes in the value of the entropy of hydrogen in solu­
tion. It is not possible at this point to partition the value of the 
entropy of hydrogen in solution and explain these trends for these alloy 
systems. In part, this is because this entropy is a small value which 
is the difference of two much larger values, the entropy of solution of 
— 10 
hydrogen, AS„, and the entropy of the gas phase, -r S . Also, several 
ri Z ri2 
effects contribute to the total value of the entropy in solution. These 
are lattice vibration, electronic interaction, configurational and lat­
tice dilation effects. Many of the fundamental measurements of the 
individual terms that contribute to this entropy have not been made at 
present. 
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SUMMARY 
The hydrogen pressure relationship to composition for vanadium 
alloys containing either niobium, chromium or titanium were measured in 
the solid-solution range from 223 to 473 K. Hydrogen followed Sieverts' 
law over a wide range of hydrogen concentrations in all the vanadium 
alloys studied. The values of the enthalpy and entropy of solution of 
hydrogen for each alloy system vary smoothly and continuously and show 
moderate changes in value relative to pure vanadium. The isopiestic 
solubility of hydrogen is dramatically enhanced by the additions of 
titanium, moderately increased by the additions of niobium and signifi­
cantly decreased by the additions of chromium. The Sieverts' law 
behavior over wide hydrogen concentration ranges shows that hydrogen is 
not locally trapped by substitutional solutes in these vanadium alloys. 
The data indicate that a bulk interaction phenomenon occurs and not a 
local phenomenon such as hydrogen trapping. The results can be analyzed 
by means of classical thermodynamics or by the phenomenological model of 
interaction parameters devised by Wagner (25) but an atomistic or elec­
tronic interpretation is not possible at this time. 
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GENERAL SUMMARY 
The equilibria and thermodynamics of hydrogen dissolution were 
studied in the Sr-H, Th-N-H, V-Nb-H, V-Cr-H and V-Ti-H systems by means 
of hydrogen pressure-composition isotherms. The hydrogen equilibrium 
pressures were measured directly for the strontium metal and thorium-
nitrogen alloys and indirectly for the vanadium alloys by an isopiestic 
technique. Hydrogen followed Sieverts' law over a wide range of hydro­
gen concentrations in strontium metal and in the vanadium alloys and 
over a narrow range in the thorium-nitrogen alloy. In all cases, the 
reaction of hydrogen with the metal phase was exothermic. Several 
enthalpy of reaction values for hydrogen were the first to be reported. 
These are the enthalpy of solution for hydrogen in strontium metal, 
-14.3 ± 1.2 kcal/mol H, the enthalpy of formation of ThNH^, -16.3 ± 1.5 
kcal/mol and the enthalpies of solution for hydrogen in the vanadium 
alloys containing niobium and titanium which have values ranging from 
-8.0 to -10.5 ± 0.3 kcal/mol H. 
The most interesting result of the present research is that the 
model of substitutional solutes as local deep traps for hydrogen in 
Group VB metals is incorrect within the range 223 to 473 K. The results 
obtained show that a constant metal matrix-hydrogen interaction, as 
shown by Sieverts' laxc behavior, occurs over a wide hydrogen concentra­
tion range rather than a local interaction such as trapping of hydrogen. 
This conclusion is also verified from the results of a concurrent study 
by Peterson and Herro (15) on the diffusivity of hydrogen in these 
vanadium alloys in the same temperature range. Their results, at a 
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given temperature and alloy concentration, show no discontinuities in 
the value of the diffusivity for hydrogen at very dilute hydrogen con­
centrations and a small and smooth decrease in the value of the diffu­
sivity for hydrogen with increasing hydrogen concentration. The argument 
used in the diffusivity study with respect to traps, substitutional 
solutes, and the hydrogen concentration dependence of the diffusivity is 
similar to that of the present isopiestic study and the hydrogen concen­
tration dependence of the hydrogen pressure-composition isotherms. In 
plots of the diffusivity of hydrogen versus hydrogen concentration, at 
a given temperature and alloy concentration, the diffusivity should 
have a small value until the traps are saturated. At this point, the 
value of the diffusivity for hydrogen will change and have a much larger 
value. 
The present investigation of these vanadium alloys has shown some 
possible areas of fruitful and interesting research. One such fruitful 
area is to study the structure and thermodynamic properties of the 
hydride phases of these vanadium alloys, if any can be found. The com­
ment, if any, is included because Miller and Westlake (16) have reported 
that a vanadium alloy specimen containing 50 atomic percent niobium and 
charged with 30 atomic percent hydrogen did not show hydride precipita­
tion even when slowly cooled to 77 K. The study of the hydride phases 
should prove useful since, at a given temperature, the extent of the 
two-phase region of hydride and saturated metal solid solution is deter­
mined by the thermodynamics of the metal solid-solution phase and of the 
hydride phase. A very interesting and, possibly, a very fruitful area 
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to investigate with these alloys is quenching very large hydrogen con­
centrations in solution to temperatures below 77 K where it might be 
possible to perform experiments at low temperatures and very large hydro­
gen concentrations. At present, few measurements of metals and alloys 
containing hydrogen in solution at these low temperatures have been made 
because precipitation of the hydride phase upon cooling leaves very 
little hydrogen in solution. Also, the presence of hydrogen in the 
hydride phase interferes with some measurements of properties of hydro­
gen in solution. Measurements that would be quite interesting are heat 
capacity as a function of hydrogen content and neutron diffraction 
studies to determine the location of the hydrogen atoms. From the 
specific heat capacity measurements at various hydrogen concentrations 
and temperatures, one may obtain the electronic specific heat coefficient, 
Y, and the Debye temperature, 8^ , as a function of hydrogen concentra­
tion. From these values, one may obtain the hydrogen concentration 
dependence of the density of states at the Fermi level and of the elastic 
properties of the alloy, respectively. Good candidates for study would 
be the vanadium alloys containing 50 atomic percent niobium or 20 atomic 
percent and 30 atomic percent titanium. The titanium alloys are prom­
ising since they have very high hydrogen solubilities at 297 K. Neutron 
diffraction studies could be made to determine the local mode vibrations 
of hydrogen in the alloys and possible diffusion paths. These measure­
ments would be useful since good atomistic models for the mechanisms of 
diffusion and for the enthalpy of diffusion are sadly lacking. Finally, 
there is the more general problem of understanding the fundamental 
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behavior of interstitial solutes in metals and alloys. Atomistic 
interpretations for the enthalpies of solution and of transport proc­
esses are also poorly developed. 
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